Two piezochromic fluorescent compounds are prepared by introducing thiomethyl substituents to the peripheralpositions of two related cyano oligo(p-phenylene vinylenes) (CN-OPV). The new derivatives, namely, 1,4-bis[2-cyano-2-(4-thiomethylphenyl)ethenyl]benzene (TOPV1) and 1,4-bis(1-cyano-2-(4-thiomethylphenyl)ethenyl) benzene (TOPV2), are characterized by NMR, powder X-ray diffraction data (XRD) and differential scanning calorimetric (DSC) data. UV-Vis and fluorescence spectra are also measured. TOPV1 with the cyano groups farther away from the central aromatic ring is photoluminescent, and on application of pressure exhibits a more obvious color change and higher Stokes shift than those measured for TOPV2. We also observe piezochromic aggregation-induced emission (PAIE) for TOPV2, but TOPV1 does not exhibit any PAIE.
Introduction
The development of new fluorescent organic materials is of great interest for both fundamental research and practical applications. Certain fluorescent materials that also exhibit color changes due to pressure-dependent molecular packing of their constituent molecules are known as piezofluorochromic emitters. Recently, various examples of mechano-responsive polymeric materials and lightinduced fluorescence switching compounds and have been reported [1] [2] [3] [4] . These materials exhibit luminescent color change as a result of molecular aggregation or stacking. Among them, compounds showing piezochromic properties are drawing special attentions in view of developing functional sensors [5] [6] [7] [8] [9] , memory chips [10, 11] , optical switches [12, 13] , security inks [14] , and fluorescent probes [15] .
Cyano derivatives of oligo(p-phenylene vinylene) (OPV) are well known for their luminescent and piezochromic properties [2, [16] [17] [18] [19] [20] [21] . For example, Chung et al., have reported the presence of reversible fluorescence switching in cyano-stilbene derivatives. These molecules pack head-to-tail in their crystals with their stilbenic double bonds being aligned parallel. The center-to-center distances between the double bonds of two neighboring molecules are shorter at ca 3.8 Å, and the -dimer formation is attributed to the intermolecular C-FH and C-F interactions caused by the highly electronegative CF 3 substituents. Significantly, the -dimeric arrangement in the crystals is suggested to undergo lateral displacement either by shear-strain or UV irradiation causing the rare fluorescence switching observed for the crystals [2] .
The cyano groups present in the OPV's and related compounds [2, [9] [10] [11] [12] assist in the formation of a Donor-π-Acceptor (D--A) conjugate system. We expected that the position of the cyano substituent may have an effect on the photoluminescent properties of the OPV's as the cyano substitution at the 1-position of the vinyl groups versus the 2-position will significantly change the length of the -bridge. Surprisingly, no studies on isomeric CN-OPV's with varying π-bridge lengths are known in the literature. Therefore, we have undertaken the synthesis and studies of a CN-OPV system, namely, bis(1-or 2-cyano)-2-(4-thiomethylphenyl)benzene. We also expected enhanced aggregation-induced emission (AIE) due to the electron-donating nature of the thiomethyl groups should increase AIE effect dramatically. Herein, we report first investigation of the effect of cyano substituents at either the 1-or 2-positions of the vinyl group on the overall photoluminescent property of the thiomethylphenyl cyano oligo(phenylene vinylenes), TO-PV1 and TOPV2 (Figure 1 ).
Methodology
Terephthalaldehyde, (4-methylthiophenyl)acetonitrile, 4-(thiomethyl)benzalde-hyde purchased from J&K were used as received. All other reagents and solvents were purchased as analytical grade from Beijing Special Chemicals Co. (China) and used without further purification. Tetrahydrofuran (THF) was distilled from sodium/benzophenone. Ultrapure water was used in the spectroscopic measurements.
The 1 H and 13 C NMR spectra were measured on a JEM-ECP400 NMR spectrometer using CDCl 3 as solvent containing tetramethylsilane (TMS) as the internal standard. Fluorescence spectra were measured on a Shimadzu RF-5301pc spectrometer with a slit width of 1.5 nm for both excitation and emission. Differential scanning calorimeter (DSC) curves were obtained with a NETZSCH thermal analyzer (DSC 204 F1) at heating and cooling rates of 10˚C per min under N 2 atmosphere. Wide-angle X-ray diffraction (WAXD) measurements were performed on a Rigaku X-ray diffractometer (D/max-2400) with a Cu KR (λ = 0.15406 nm) X-ray tube at 40 kV and 30 mA at a scan rate of 4˚ (2θ) per min. The samples were ground using a mortar and pestle and pressed into pellets using a pellet press at 1500 psi for 5 min. Annealing experiments were done on a hot stage with automatic temperature control. 
Syntheses 1,4-bis[2-cyano-2-(4-thiomethylphenyl)ethenyl]-benze ne (TOPV1).
A solution of terephthalaldehyde (268.0 mg, 2.0 mmol) and (4-methylthiophenyl)acetonitrile (652.0 mg, 4.0 mmol) in t-BuOH (25 mL) was heated to 60˚C. To the solution was added t-BuOK (504.0 mg, 4.5 mmol) in one portion with stirring. A yellow precipitate started to form immediately. The mixture was stirred for 30 min at 60˚C, cooled to r.t., and poured into acidified methanol (50 mL containing 1 drop of concentrated acetic acid). The precipitate was filtered, washed with excess methanol, and dried in vacuo at 50˚C. Yield: 720.8 mg (85%); yellow powder. 1 
Results and Discussion
Positional isomers TOPV1 and TOPV2 are synthesized from the reaction of suitably substituted acetonitriles and aromatic aldehydes as shown in Figure 2 . Both compounds are isolated as yellow powders and are soluble in solvents such as dichloromethane and chloroform. The compounds are readily characterized by their 1 H and 13 C NMR spectra. Recrystallization of the products from a variety of solvents formed microcrystals. DSC curves measured for the compounds reveal that they possess very high glass transition temperatures (Tg). The melting point (Tm) of TOPV1 is 276˚C. The Tm of TOPV2 is 257˚C.
We examined the effect of pressure on the two compounds. As shown in Figure 3 , both dyes TOPV1 and TOPV2 exhibit reversible color change when under pressure or while grinding. The samples revert to their originnal color when heating is applied. The change of colors is more distinct for TOPV1 compared to that of TOPV2 (Figure 3) . Further investigations indicate that dye TOPV2 exhibits aggregation-induced emission, whereas dye TOPV1 does not seem to exhibit AIE.
UV-Vis spectra measured for the compounds exhibit a single peak in dichloromethane solvent as shown in Figure 4 for TOPV1. The spectrum for TOPV2 measured in THF exhibits solvatochromic effect as the peak splits into two overlapping peaks in THF. The spectrum exhibits further change in a 50:50 THF:water solvent mixture. A single peak is observed at a considerably high energy indicating PAIE. Figure 5 shows the photoluminescence (PL) spectra for the samples obtained under different conditions (pressing and annealing). The emission maxima exhibit significant red shift, as high as 53 nm, after pressing. After treatment of the pressed samples through annealing, the color returned to that of the original state, and the process is reversible. The reversible color change feature makes TOPV1 a promising candidate for light-or heat-or pressure-sensing applications. The observed Stokes shift of 95 nm demonstrates a great photoluminescence property for TOPV1.
In order to further explore the solid-state structures of the two TOPV dyes, powder X-ray diffraction experiments were conducted. The measured diffraction patterns display sharp peaks indicative of crystalline order. The XRD plots for samples that were well ground exhibit a series of new peaks, indicating significant change in the molecular packing (Figure 6) . Subsequently, the ground samples were annealed by heating to 180˚C for 5 min, and their XRD patterns measured. The XRD plots for the annealed samples are nearly identical to the plots for the original samples, indicating the restoration of their original packing in the crystals.
To determine whether the compound is AIE active, the fluorescent behaviors of diluted mixtures were studied in mixtures of THF/water in various proportions. These experiments reveal no AIE for TOPV1. However, the fluorescence data for TOPV2 suggest both piezofluorochromic and AIE effects. As TOPV2 is insoluble in water, increasing the water fraction in the mixed solvent system could change its existing form from a solution or well dispersed state in the pure THF to aggregated particles in the mixtures with high water content. As shown in Figure 7 , if the water fraction is less than 60%, the PL intensity of the compound is very weak. The increase in PL intensity could be attributed to the AIE effect caused by the formation of molecular aggregates when adding water to the solution. Therefore, we conclude that TOPV 2 has both aggregation induced emission and piezofluorochromic characteristics and is a PAIE material.
A comparison of the photoluminescence properties of the two TOPV compounds reveals that the position of the cyano substituent has a significant effect. Although, the origin of the effect is unclear, the effect may derive from the molecular packing in the solid state. We also suggest that the peripheral thiomethyl substituents may amplify the piezoflurochromic properties of OPV materials.
Conclusion
We have synthesized the first examples of cyano oligo (p-phenylene vinylene) derivatives with thiomethyl groups at peripheral positions. We have also studied the impact of the length of -bridge in OPV and the position of the -CN groups on their piezochromic properties. The new thiomethyl and cyano OPV compounds exhibit fluorescence emission propertie, and can reversibly switch upon pressing or annealing owing to crystalline amorphous phase transformation. These extraordinary properties make those two compounds promising candidates for stimuli-responsive, smart, luminescent materials for variety applications. Also, it is exciting to find the compound with -CN groups close to the central aromatic ring (TOPV2) is a PAIE material. The structure-property relationship established here would be helpful in determining the mechanism for the PAIE process.
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